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A theoretical analysis vus made of ar aircraft propulsion syeten 
incorporating a contrifugel jet engine and a supersonic propeller. 
The primary ein was to increase the economy of a jet configurated 
engine. The design for а supersonio propeller was included, since 
it was necessery to use a Sore Wear) in order to create maximun thrust 
for the insteliaticn. 

The engines unit consists of a rotating disc with en internal 
combustion flow channel using essentielly the ramejet cycle,and tho 
desim configura tion embodied only threo basic moving reris for the 
entire wopulsion plant. The performance of the engine was treated 
as on acrodynanic and thermodynamic problem. GS Kalp one wore mado 
on the internal flow systen covering the effects of all variables. 
Then, using these results, specific engines were analyzed introdusing 
all pertinent losses. In seneral, the numerical calculations shewd 
theoretically that this type of engine would have slightly better 
econorıy then a recirrocatiíng engine and was far superior to a ў 
turbojet at an aircraft speed range dom te low subsonic Values. 

Tho analysis for the supersonic nropeller indicated that the 
author's design approach, which includes three dimensional effec la, 
could theoretically produce completely supersonic blades vith offi- 
ciencies above 80%. Computations were made on a 10% diameter 
propeller which would produce 7,500 pounds of thrust with an offi- 
ciency of 83.5% at an aircraft speed of Mach number 1. This power 
absorption could easily bs doubled, while at cruising powors officione 


clos ranged un to 86%, 
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I. 111 دمالالل:‎ 1 
Tno theoretical analysis made in this study was en effort to 

reduce te specific fuel consumption of a jet configureted engine in 
an installation in which the speed of the aircraft was lov. If 
possible, it was desired to gain tho simplicity of a ran-jot tyre 
unit and not suffor its drawbacks of poor economy at low speeds. 
Power productien for a minimm "package" was only of secondary iupor- 
tance and ms not given any echsideration in casea where it conflicted 
witn the economy asrects. Thus, the rrimary ain of this thesis was 
directed toward the reduction of the specific fuel consumption and still 
obtain the advantages of the constant flow ramejet cycle. 


r 


: First, consider what resuits have been produced along this line. 
Fig. 1 taken from Ref. 2 is the result of a preliminary study made on 
a propeller powered by pas Jets issuing from the blade tips. In this 
case, the Mach number of the propeller tip was limited to 0.85 with 
an aircraft speed of 100 mph. The néinimm values | of thrust specific 
fuel conswaption are in the neighborhood of 3 los. /T.H.P. <r. which is 
unsatisfactory fron an economy standpoint. Ne»t, refor to Figs. 2 and 
3 taken from Re?. 2; these represent the power and the specific fuel 
ecagusption cbtainablo in a ran-jet installation. It is noticed that А 
the speeifie fuel consunntions are considerably lower (2.4 lbs./lbs.-Hr.) 
than they vere in tho former caso, and that the thrust per unit canbustion 
chamber area is much higher. Howsvor, the aireraft spoed range for these 
better values C on 2,220 moh, a value hardly conceivable at the 


presont state of the art. From a different source (Ref. 3), Figs. 4 and 


Tr 
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5 are rresented for the ron-jot. Here, the specific fuel consumption 
is expressed in lbs. /[.H.P.-Hr. It is seen that a Mach number of 2 
must be reached in order to compete with the reciprocati g engins 
whose | thrust specific fuel consumption is 0.61 lbs./7.H.P.-Hr. at sea 
level. The thrust for this case is expressed in thrust per unit con- 
bustion chamber area and reaches a maximun of 3,750 Ibs. / ۶. ate 
Mach number of 3 or 2,280 mph. Thus, it would seem desirable to obtein 
tho optimus veluos indicated in these figures in an installation such 
as that shown in Fic. 6. 

To gain 5ood thermodynamic efficiency, it is known that high 
0083 2 ratios should oe used. If the isentropic gas laws shown 
graphically in Fic. 7 of this paper are studied, the ranid increase 
in pressure rise as the Mach number is inereased is clearly ovident. 
If tho mressure curve in the Macn number range of 2 to 3 is considered, 
comprossion ratios in the neighborhood of 20 might be gained. It 
would seem expedient therefore, to attempt in some manner to uso this 
feature io gain better thermodynamic efficiency. It follows that with 
larger thermodynanic efficiencies better economy would result. 

As previously indicated, the ramejet unit has a compression high 
enough for ea good efficiency at sunersonic velocities and a large mass 
flow of air per wit frontal area which fives high power output. Howe 
ever, both of these advantages fall off at lower speeds. It vas desired 
to obtain this good efficiency at low subsonic speeds. By using an 
internal combustion system incorporated in a rotating diso, it vas 
found that satisfactory comvression could be gained by centrifugal 





9 
force; and tat if the disc sxoed wero allowed to reach high enough 
values, very satisfectory econory and power outputs woro pained, In 
the pmrosont mjyer, mrformnce conputationa were nade covering the 
speed range un to a dise Mach nunber of 2.4. The ranejet cycle, 
used herein, shall be referred to henceforth as a "centrifugal jet" 
engine, because the ram wee small in comparison to the compression 
produced through centrifugal force. 

The centrifucal jet engine performance is treated 23 an aero- 
Gynanic and thermodynamic rroblen. The performance is given in term 
of areas, velocities, and tenperaturos involved in the design of such 
a unit. The various pramoters that effect the economy and the powr 
output, as woll as the above listed physical properties, wore allowed 
to range over pertinent values in the computations to show the semrate 
effect of each. Examples of specific dosigns are included to show the 
overall performance rating of the power plant compared UA present 
day types of engines that produce comparable power. 

The system is essentially a separate power plant and a separate 
supersonic propeller. In order to create mximm thrust, the pover 
plant must use a propeller; although, the engine itself produces a 
sizeable percentage of the thrust depending on the speed of the aire 
plane. Since the installation must use а propeller to operate at 
optimum conditions, it was felt that an analysis of a supersonic 
propeller design wa3 necessary to see what could be accomplished in 
tnis direction. Present day subsonic propellers are satisfactory on 


aircraft whose maximum speed approaches 500 mph. With the enclosed 
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design of a supersonic propeller, the propeller's useful range can 
theoretically be increased to speeds approaching 1,000 mph. Tho 
importance of a design which will increase the speed range of the 
propeller cannot be over emphasized, since at present, there is a cry- 
ing need in higher speed aircraft for a satisfactory power converter 
(B.H.P. to T.H.P.), so that various jet type engines may be utilised. 
By the proper combination of engine and propeller, it would seen 
that more efficient installations could be designed, thereby increas- 
ing the range of present day aircraft particularly of jet powered 
aircraft and helicopters. 

There are numsrous major problems to be encountered in the . 
successful design and operation of an engine as herein described. 
Many of the problems which will be enumerated later are only partially 
investigated or are beyong the scope of this paper. It is to be 
realized that this paper is preliminary and serves only as a basis 
for further investigations, and that the enclosed information is the 
culnination of nunsrous desisns considered. After each investigation 
the most desirable features of cach were retained to produce the most 
effective end result. With the material already presented as a back- 
ground and the authors views creating tre problem, the following design 


is presented as one answer. 
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2 
Ti. GENERAL DESCRIPTION AND OPERATION 





The power plant configuration and ineluded supersonic рго- 
reller of the proposed centrifugal jet engine, is shown on Fig. 8. 
With reference to the diagram, it will be seen that tne system is 
made up basically of only three moving parts. These consist of the 
noso spinner with attacked propeller, the centrifugal jet rotating 
diso, and the necessary gear train coupling. The rotating digo 8 
mounted on the engine's stationary structure. "he latter is in turn 
mounted directly to the etroraft. On Fig. 8, the nose spinner is 
shown hatched, the outline of the disc is shown solid, and the 
engine's stationary casing is shown double hatched. 

A detailed description and function of each of the major compone 
ents is es follows: 

A. „Dise Spinner 

The dise Spinner servos to mount the propsller with its necessary 
mechenical mechanisms. Through the nose of the spinner, free eir is 
conducted to the intake of the rotating disc. The spinner also serves 
aS a shield for the dise. Iis bearings turn on a journal mounted on 
the outside of the dise intake. The spinner receives its propulsive 
power from the gear train shown. 

the Rotet Disc 

Intake ram air is fed into the center of the rotating disc. It 
is there directed to the periphery of the rotating dise through 
channels in such a mannor that the air ducts do not interfere with the 


rear train. The dimensions of the chamel are so constructed that the 
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velocity at the outer most radius is low, of such magnitude as to be 
Suitable for burning in a constant flow type combustion chamber. The 
combustion chamber runs the length of the dise in an offset direction to 
tat of rotation oy some specific snglo, "O", which is deterninod by 
later inciudod analysis. m 

An isometric Plow diagram is shown in Fig. 9. Tho air is come 
pressed by centrifugal foroe in its travel from the root of the dise 
te its outer circumference. The fusl is injected when it rogches the 
poriphery at the entrace to the combustion chamber. The fuel air 
mixture is then burned in the combustion chamber, nassed through a 
Suitable nozzle, and ejected into free air. The cycle of flow is 
continuous and extremely sinple. The configuration may be altered 
slightly to permit induction of ram air from the rear of the roteting 
dise as well as from the forward end. 

The dise is mounted on bearings of the engine's stationary struce 
ture and its shaft carries a gear suitable for operating the necessary 
auxiliaries, such es, a fuel pump, vacuum pump, lubrication PP, 
generator, magnetes, etc. The dise-=spinner and díse=casin;y clearances 
ero designed small to climate, as much as possible, the pumping action 
of the air 32 arises from the relative notion between the afore i 
mentioned parts and the centrifugal pressure gradient that is setup. 
Air seals are located at tho two clearances occurring at the position 
of tho jet exit. These seals serve to maintain a difference in 


pressure between the free air and the clearances spaces. By this device, 


tho cloarance spaces are evacuated thereby reducing the air friction 
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drag and resulting loss in horsepower. 
C. Coar Train 

۱ Ono possible configuration of a sear train appears on theo diagram 
(Fig. 8). This unit serves to transmit the horsepower of the rotating 
diso vie the nose spinner to tho propeller. Since the nose spinner 
and rotating dige are operating at different ras, it must be realisod . 
that a confizuratíon in which the propeller is mounted directly on the 
rotating disc, thus elimineting tho nose spinner, is quite possible; 
but, because of the various factors involved, this would not be particue 


larly efficient exespt in very special cases. 





This structure serves as a mounting pad for the bearings of the 
rotating dise and as a housing for the auxiliaries. It, in turn, ic 
mounted to the aircraft primary structure. 

The systen of Fig. 6, would appear to have the following advantages: 

1. Ro engine torque 18 applied to tho airoraft except for 
the jet slip strean. 
2. Lighter woight/unit power occurs as compared with a 
R recijrocating engine. I 
3. Small frontal area is achieved witha a streamlinod share. 
4. Small volume for the entire engine results. 
5. Tho lubrication problems are simple, rrobably incorporate 
ine a closed systen. 
6. Lov vibrating loads are expected with vibration due only - 


to intermittent burning and alternating aerodynanic leads. 
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Se The configuration 13 simcle with а small number of moving 
rarts. 
Disadvantazos to the system would be, priserilys 
l. The stress problem would be very critical due to large 
cantrifugal loads created by high rotational speeds and 
tre existance of high temperature gradients. 
2. With high rotational spesds, the balance vroblen would 
bo major specifically to counteract ice formation and 
engine malfiumetion. 
3. Poor aceoloration characteristics, inherent in jet cone 
figurations, would probably be found. 
Detailed analysis of the system es fer as advantages and disadvante 
ages sre concerned will be more throughly discussed in later sections 


45 tho various problems are analyzed. 








III, INTRRNAL FLOW ANALYSIS 





The flow pattern through the engine is show in Figs. 9 and 10. 
The analysis is so arranged that the varicus characteristics have 
been found for each of the seven Stations shown in Fig. 10. To 
reduce the amount of caleulations involved, the section from Station 
2 to 3 was elininated for this will be primarily a function of the 
individual design апо may not necessarily be involved in any specific 
configuration. The actions of compression and diffuser action have 
been combined in the process between Stations 3 and 4. Combustion 
in a constant area chamber will include momentun pressure and combuse 
tion chamber friction losses between Stations 4 and 5. At Station 5 
3% is assumed that burning has been completed. The combustion gases 
are then expanded in a nozzle through Stations 6 and 7. 

Station 6 is the throat of the nozzle where Mach number 1 cccurs; 
this, of course, will in most cases be under expanding if the nozzle 
ts cut off thero. Station 7 is for a full expanding тр down to 
free air pressure. Tor most of the conditions involved in ths design, 
the area at Station 7 approximtes that of Station 5 во that a full 
expanding nozzle can easily bo incorporated. Because of the configura- 
tion, even if these two areas were not particularly compatible, they 
could be used without any great loss in the design. This is not the 
case with the ramejot engine, in which it is desired tc maintain the 
exit area commensurate with the conbustion chamber or inlet aree. 

For good specific fuel consumption it is quite evident that the 


diac must be allowed to rotate eat as high en rm as the stress analysis 
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will allow. The general dimensions of the engine must be such that 
tho inlet ereas to tne disc are small in relation to the plan form 


dise ares зо that full utilization of centrifugal foreo compression 


r 


may be gained. On the other hand, too large a diso will incorporate 
large diss friction losses, and considerably enlarge the frontal area 
of the overall engine. The letter would ín turn increase engine 
volumo and engine weight per horsepower developed. Thus, it would 
soon thet a happy medium for the dimensions of the engine should be 
arrived at after consideration of the factors involved and of the 
results most desired. 

The variation in gas temrerature, velocity, and pressure as it 
flows through the engine is shown in Fig. ll for two representative 
cases. The changes in each may be followed from station to station 
to understand the general flow picture. The 9 represented on a 
P.V. diasram for one of the cases is shown on Fig. 12. It appears - 
that the cycle closely parallels those used in camon jet practice. 

The following analysis is now treated as a aerodynamic and thermoe 
‚ dynanic problems and es such, requires certain constants to be assumed 
to make the power plant computation possible. The constants chosen 
were gained either from empirical charts or fron other sources that 
have been well established in actual practice. The constants used are 
23 follows: а 
1. The friction coefficient of drag is .0030 in the entrances 

pipe. This value can be obtained only in a smooth polishe 


ed pips. 
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The subsonic diffuser has an efficiency of 90%. І 
The centrifugal compression is at an efficiency of 95%. 
This velu, although high as compared with values of 
normal centrifugal compressors, is deemed possible by 
the fact that the flow velocity is low, that the flow 
contour is smooth with no кач breaks, and that the 
flew itself contacts no broken surfaces or sharp discon- 
tinuities as are involved in the norm eentrifugal 
coupressor between ths rotating blade exit and the 
diffuser. Hoither of these three factors are involved 
in this configuration. If the product of the diffuser 
efficiency and the compression efficiency is determined 
for the assumed values, it is seen that the overall 
efficiency is on the order of 85%; this is cortainly 
entirely obtainable in the licht of modern desipn. 

The lower heating value of the fuel 1s 19,000 British 
thermal wits per pound. 

The instantaneous valves of the ratios of the specific 
heats Y end for Y corresponding tc the average value 
between 0° F and the temperature in question, is given 
in Pigs. 13 and 14 for air and for the products of come 
bustion. Arguments are temperature and fuel oir retio. 
The veriation of the gas constant with fuel air ratio is 
shown on Fig. 15. 


r 


Fig. 16 gives combustion efficioncy versus air fuel ratio. 
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8. Since tho fuel is sdded at the entrance of the combustion 
chamber, momertums is required to bring it up to the 
combustion charber velocity. The loss is charged as 
a nonentum pressure loss. 

G. 1116 friction pressure loss in tho combusticn chanber is 
taken as 50% of the average of tbe initial and final 
dynamic preasvres in the combustion chambor. 

10. The heat lose through the combustion chamber walls is 
treated as a reduction in combustion efficiency. 

121. The exhaust nozzle is assumed to have a velocity cocffio 
cient of .98 when operating at design pressure ratio or 
as an under expanding nozzle. 

12. Standard density altitude tables wore used for the dotor- 
mindation of the initial free air conditions. Partial 
rerrcduction cf this table is given in Appendix B. 

Before zrocsedinz with the analysis, it was also necessary to 
limit certain of the variables because of physical reasons. Maximm 


و 


combustion chamber temperatures above 3,050 desrees F were considered 
impractical. If at any tim, Mach number 1 was reached in the internal 
flow, except ati the nozzle throat, 1% vas assumed that checking occurred 
and further examination was abandoned. In all computations the physical 
dimensions of arsas along the channel flow were assumed to be commtible 
with the continuity relaticnships. Therefore, the power plant operation, 
so far as considered herein, has been with srecific design operating 


ecnditionas each ease would involve cifferent fixed areas so as to 
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vroduce optimm conditions. For a system with fixed dimensions and 
apocific operating conditions there exists only ons mass flow to bo 
"on design". Thus with an analysis for a particular air fuel ratio, 
specific inlet conditions and fixed nozzle dimensions, “he flow for a 
different fuel air ratio will not correspond to the former analysis, 
but to one with its ovn dimensions. For a system with the sam 
dimensions and a different air fuel ratio, computations must be based 
on flow controlled by the nozzle whose dimensions have been determined 
by tbe previous conditions. Consequently, the computations made are 
valid for only the conditions assuned Since tho dimensions of the 
system will change in each new case. 

The variables chosen ag parameters are aa follows: 

1. Altitudes This determines the free air temperature, 
pressure, and density. 

2. Aircraft Speed; The aircraft speed will determins the 
inlet velocity. In the cage where the aircraft speed is 
supersonic, it is assumed that a normal shock occurs 
prior to the inlet entrance and the corresponding 
cnanges in pressure, temperature, and density aro calcu- 
lated according to normal shock theory. 

3. Dise Rotational Velosity: As indicated earlier this 
should be as high as possible to obtain good results and 
will be detemained more or less in any actual design by 
the stress considerations involved. 

4. Combustion Chamber Inlet Velocity: This velocity must 


necessarily be low in order to obtain satisfactory 
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canbustion; thus, it is a function in any actual design 
of the combustion chamber characteristics and the typo 
of fuel end ignition system used. A range of representive 
values has boen used. 

5. The Fuel Air Ratio: This value is concerned in both ths 
specific fuel consumption and the power per unit area 
developed. Since the meximm combustion chamber temperae 
ture is a function of the fuel air ratio, it is seen that 
if the combustion chamber temperature is to be limited to 
a particular maximum value, then there is a maximun valus 
of the fuel air ratio that can be used. Also, since 
combustion can be suported only at some lower valus of 
the fuel air ratio, its minimum is determined іп any 
specific design. By the artifice of burning the fuel in 
only a portion of the air flew thereby increasing the loeal 
air fuol ratio and following this process by proper mixing 
of the burned products and remaining aiz, an equilibrium 
temperature for the total volume із reached, and lower 
values of fuel air ratio can be realized. Thus, the ninizua 
value of the fuel air ratio is also a function of design. 

Tho latter tiree parameters are within the control of the designer, 
the most important being the disc rotational velocity. - 

The actual method of’ computation is now considered. Using the 
verious parameters, the flow is solved for the characteristics at each of 


the seven stations shown on Fig. 10, sterting with free air and going 
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throush the engine in the flow direction. A list of symbols is included 
in Appendix A. All numbered subscripts refer to the station as por 
Fic. 10. The computational precedure parallels that of Ref. 3. 
Station ]: Free air conditions are taken from the Standard Altitude 


table in Appendix B. 


Station 2: Free Air Conditions Followins a Normal Shock. Normal shock 
theory relationships, represented grerhically in Ref. 27, are used, 


St 2: Flow Throych a Straight Pipe (constant area inlet channel). 


Tho flow may be solved graphically using the two charts given on page 
142, Ref. Jl, which give the friction losses in round or rectangular 
ducts. The pressure change is presented in inches of Hg./ft. ve 
velocity with parameters of size in round or rectangular ducts. It my 
also be caleulated by means of the anproximation that the friction 
pressure drop is proportional to the product of the friction factor, 


lenzth-diancter ratio of the pipe, and the mean dynamic pressure. 


ё Gna, + q 
FIR, 22 3 


where 


£ 


q = 


ov 
2 


The laws of energy, momentum, and mass then yield a solution for V 


3 
b -/b P 4c- 
2 


PE | 
V. = 


where 
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When 4e, is equal to bes 


sound, and shocking occurs; a value of 40 


the velocity at Station 3 P the speed of 
3 largor than by" signifies 
that an impossible flow situation has been assumed; a shorter entrancs 
pipe is one remedy. Using the continuity relaticns 

PoV 

3 


Using the equation of momentum: 


Py = р, = pV (V. = Vo) - A Ps. 


Using the general cas lav: 


Station 4: Centrifuzal Commression. Since the iniet combustion chamber 
velocity Y, is one of the variables and is specifically chosen for any 
specific design, then it is evident that diffuser action must occur 
between Stations 3 and 4. Also, the Mach number of ins dise periphery 


is choson and this determines the extent of compression work added to 








17 
tre fluid. These two actions will be considered separately and then 
combined to produce formulas relating the flow fron 5 to 4. 


Using the compressible form of the Bernoulli equation 


2 2 2 2 2 2 
YT a, ^Y -i a, + V, + Vo 





and the isentropic gas laws (Fig. 7) 





vhere (P AR p, i9 iho pressure at 4 if only centrifugal forco is con- 


sidered. The equation is rewritten, 





Since the flow is with friction and if Ne ie defined as the efficiency 


of compression for centrifugal process only then, 


2d Yn, 








1 m A Y. 
هدل ےن ری‎ 90 Aut; 
Ur. Е 3,4 
Y => 
3 1 کرو سس ۾‎ 











and 
ү. 921 NL سر‎ 
ya е 1 +2402 +2) | E є 
(РД) в, و وف حر‎ а Р, UT x SA 
1 + -4—— м,“ 


Noxt considering the diffuser process between 3 and 4, h à is the 
diffuser efficisncy whose oquation expresses the total pressure roe 


covery ac a percentage of the reduction in dynamic pressure! 


E 
a Mir 


1 E 
I و‎ 7 “ey 
where 
а = Не Р (compressible dynamic pressuro ) 
and 
B, = E, -AP p (total hoad less the ке 
in centrifugal fores) 
Y 
H, = P, (1 + 32 py 


r 


from the isentropic gas lav. By definition, 


Sines the velocity at Staticn 4 vill always have low subsonic v2luos 


(less than 350 ft./see.), then 


= q 
o h 


| 
x 
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D 
H d لاف‎ 


then 


finally 


Y 1 Y.-1 p,V 2 
a m ہے‎ bt 
1 + 5 y Ns 5 
Vem 
— 1900 
> og. 
Е 1 ب‎ QU +ң2) age“ 
+ Se سس‎ 


3 2t 2 
i + му" > RE 


Next it is known that the work added to the fluid per unit mass as it 
flows fron Station 3 to 4 45 C DT or u? for compressible fluids (page 
601, Ref. 15); the energy equation then can be written: 

Ny, Ф E x, © i 


¿ € 2 2 


substituting Р, into this equation and solving, P, is obtained: 


Pa sett 





` — EDO ae Mi s E mv — وي ټيس‎ udi" پس ےھ‎ 





where 
| Y 4 E Y 
гу Ме + М 2 دي‎ 31 3-1 
PP و يه صن‎ а ست ب )و‎ М 7 
р په‎ M, 
Nas 
з = 2 
UNES a 27 
Ы Pa i 2 2 
PEN es. + م + ول‎ = V) 
y © iy 
په سا‎ | 
وہ‎ (Eq. of State) 
p,V ° 
ie ae whore À, =1 (Continuity). 





Py, +‏ = لوم = ھ 
TH V +‏ , 


Using momen twa: 
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u q, +q 
“улс йу р ру 


r 


q, +q 
whore ch) is the combustion chamber friction pressure loss. 


Than 


W + V. ' 
P, = P, + ЛЛ (1 2) ЛАР (1 2)( 7 ). 


Using energy 


A He 
۶ -1/ 2р. c JR TA + 

Eo proe ٠ 
Y E وتا‎ (WH, + We) + 3(8.V.)N Yo 


07 


where Np is the burning officiency. Substituting the equations for 


Pg end P, into the latter 14 
bei Safes ' 
Vo = 5 
Where f 
27 W C 
pz d [55u0-2 
Y (193) + 1 a £ 44 
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| Ye EE vá 6 x 10% B.V, 
e, = ——2>— + ر‎ Жу; 
٠ بس او سو‎ Р REN, 


As before, b s 


must be greater than 4c, so that chocking will not occur, 


5 5 
P 
5 Pg ER 


Station 6: Conditions gt the Hozzle Threat 


1 "وم 1 سب‎ 
= LEE e cs +1) P; 


Ye = 1 


5 


Yr 4 рл, 
— ae n پد‎ 
Eu iv tT te р 
5 5° 5 5 
where Ys is used for sinplicity in both equations instesd of the avorago. 
Pe 
سر‎ g. 
e Le 
Ve 2 69.16 


è 


where Ye is instantaneous for the products of combustion. 


0٧۷ 
А6 = > ñ . 
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Stetion 7: Flow Out the Nozzle Blt (conditions fully expanded to the 
free air pressure P,). The temperature at Station 7 is first cuessed 
and the instantaneous value of Y for tho average botwoen Stations 5 


and 7 is used. Then the process is repeated if the error in the guess 


was greater tran 25°, 
Y. 9-1 
B 5,7 
To =7, [A 
7 5 Ps 





r 


ubere Cy is a volocity coofficient allowing for friction in the nozzle. 


P 





ph = es 
? e 
Ms © 
0.0 
7 PV, 


` Tre expression for thrust consists of threo terms: The first gives 
‘the urust from the acceleration of the sir mass, the second gives the 
thrust from the acceleration of the fuel mss, and the third becqu0s 
effoetive if the exhaust prossure is above atmospheric. The thrust per 
unit combusticn chamber area then is 


W 
۾ خد پا‎ ve т 


A 
on, - (1 +д) + (Р„-Р,) ч 


۰ 
у 


r 
Ut = pP V Yy (Q +u). 

“> 
The loss in thrust dus to the intake air is charged as an engine loss, 
It must be supplied by the propeller if the situation is idealized as 


in the sketeh, since the intake air is brought to rest in 


JET EXHAUST 


INTAKE A/K 
Oa 


سے 


Lr 


vue axial direction. Later the gas is accelerated from zero velocity to 


V, , in the circumferential direction. The expression for (F/A) pre- 


jet 
viously referred to will be a gross value sinco it does not inclwis 


thrust needed to supply work for spinner intake or centrifugal commression. 


F | P 
P + 
Thus (8) will be for a full expanding nozzle, (< ) will be for 
4 cross 4 gross 





NY 
Wa 


Pp 
a sonic throat exit, and EP) will be for a full expanding nozgle 
A not 


with included losses in an idealized arrangerent as shown where the jet 
"us is oircuaforential, perpondicular to the longitudinal axis. 


P 
(—*) is commuted as follows: 


"^ net 
Inlet T Loss کل اھ‎ 
: = AE where 1. is the efficiency of 
¿ y : 


3 5 è 6 


conversion B.H.P. to T.H.P. 


aç 2 
Compression LP, (9/47. 
А 5 550 
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The specific fuel consuaption in lb. fuel/ib. thrust-Hr. was computed in 


accordance with the following formula: 
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src, 290 ga Uu) 


(5/1) 


where (F/A 4) із the net or gross value as desired. 

The net values of S.F.C. and thrust were included in tho couputa- 
tions go as to give a basis of comparison with other jot cycles. It 
will be show later that these values are conservative to what can be 
obtained by proper orientation of the jet exit angle for any specific 
set of design conditions. 

The results of he computations are represented grarhically on 
Figs. 17 through 28. Tho conditions of, (a) sea level, (b) M. = 2.0, 
(e) V. = 0 ft./sec., (d) НЕ. 280 ft./sec., and (е) 4 = .020, were 
chosen as a basis and tren all variables were fanned out from these 
values as appropriate. Figa. 17 through 21 givo 5.F.C., both — 
and not, for the five variables. It should be noted that in general 
the not S.F.C. at low aircraft speeds ard moderate disc Mach numbors 
is ecnsiderably below that of the ran-jet operating at its optimum 
speed of about 2,200 mph, (Pig. 3). The rapid rise of (S.F.C.) not 
as the aircraft speed is increased towards M = 1 15 due to the influ- 
ence of the intake loss vhich is a funetion of w“. It is seen that 


the major effect on S.F.C. is the fueleair ratio followed by the cise 


Mach number. Altitude has a normal affect as in other jet cycles, but 


с + 


5.F.C. seems to be practically unsonsitive to combustion chamber inlet 


r 


velocity. a 
. g T 


* 
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Fic. 22 shows cycle temperature variations with M . it is seen 
that for the basic condition if the maximua temperature of 3,000° F 
is not to be exceeded, then the fuel-air ratio would have to be limited 
to sn upper limit in the neighborhood of .05. It should also be called 
to tho attention of the reader that in most of the conditions for which 
the variables vere allowed to range, the stockometrie value of .067 
could not be attained sines chocking would cccur in the combustion 
chamber. In many of the runs 4 was linited to 1/2 stochometric as en 
upper value (M= .033) because of chocking or the 3,0009 P limitation. 

The curves of Figs. 21 through 24 have the air-fuel ratio as one 
argument. Consequently, the results must be tempered by the discussion 
already mado on the effect of. a change in fusl-air ratio with a system 
of fixed dimensions. By comparison of Figs. 21 and 23, it is seen that 
a greater effect is obtained on the specific fuel consumption than on 
the thrust per unit combustion chamber area by a change in fucl-air 
ratio. Fig. 24 gives the relative sizes of the nozzle throat exit 
areas in comparison to the combustion chanber areas. Fig. 25 is Includ- 
ed to show the comparison with tho ram-jot. The different Mach number 
operation in each ease should be taken into consideration. 

Figs. 26 through 29 give the resulte of the thrust curves versus 
the five variables. The rapid rise in thrust por wit combustion 
chamber area for an increase in the disc Mach number is readily evident 
on Pig. 25. As with specific fuel consumption, the effocta of combus- 
tion cramber inlet velocity and of altitude are the same. Referring to 
Fig. 27, it should be noted that the not thrust curve seems to be fairly 


constent at tho lower velocities but drops off at higher velocities; 


ee 
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this result is asain due to the increased loss of the intake rem as 
hicher valuss of speed are used. 

The factors in any perticular desig would be determined more or 
less by the parameter trends indicated on the various plots. Thus, 
although the flow is not particularly sensitive to combustion chamber 
inlet velocity, both specific fuel consumption and thrust are enhanced 
by the higher valuos; it would ssem desirable then, to use us high a 
value as possible to gain better values of specific fuel consunption 
and thrust. Since altitude is beyond the control of the designer, 
the altitude trends produce no design criterion except for the desires 
of certain results at a specific ealtitude. In regard to tho sircraft 
speed which is also beyond the control of the designer, it чоша seen 
that better results couid be expected at the lower velocities. The 
function of the fuel air ratio is such as to require as low a value 
for cruisin conditions end as high a value where thrust conditions 
are paramount. All of the afore mentioned trends seem to fit into the 
pattern of other standard jet propulsion systems excspt for the varia- 
tion involved in aircraft speed. By comparison to the results of other 
types already given in the form of graphs on Figs. 1, 2, 3, 4, 5, and 
25, it would seem that in general, superior veluss of the specific fuel 
eonsuaption and thrust per unit combustion chamber are achieved in the 
centrifugal jet cycle. 
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e DISC DESIGN 

The general arrangement. of the disc has been deseribed in Section 
III and appears in solid color on Fig. 8. The flow channel is clearly 
depicted on Fig. 9. To secure minim frontal area and engine compact“ 
ness, the disc diameter should be as small as possible commensurate 
with good internal flow conditions. Small dise size will result in 
lower dise losses, lower woight per horsepower, and a smaller power 
"package", Sinee the dise stress is proportional to ٠ p changing 
the size (dise radius) will not affect the maximm stress condition 
if Yo is maintained constant. 

The diss must accommodate the necessery fusl, ignition, end lubri- 
cation components. This appears to bo no problom since adequate, 
accessible space is provided., Provision for driving the auxiliaries 
io nado by incorporation of an accossary gear drive on the end of ths 
dise shaft; the drive turns within the stationary casing where ample 
room is available for housing the necessary units. | 

In conputing tho losses sustained by the rotating dise the follovwe 
inz vere considered: (1) internal fece friction drag, (2) internal end 
friction drag, (3) external face friction drag, (4) diss seals, and 
(5) dise bearing. It should be noted that losses in the flow channel А 
were accounted for in the internal flow analysis of the previous section. 
Also, the losses incurred by the gear train are figured along with the 
propeller loss. Their sum appears as an efficiency, N,» Of conversion 
from brake horsepower te thrust horsepower and is charged to the 


V 


propellerespimner soction and not to ths engine itself. This is done 
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since it was folt thet the gear train and proroller vill vary consider- 


ably with the specific instellation and as such, should be kept integral. 
Alsc, the percentage of the power output transmitted to the propeller | 
is & funetion cf sircraft speed as is tbo officieney ef the propeller 
Tp ° This will be shown later in the next section. Actually the bearing 
loss as computed, is of such a magnitude that it probably could include 
e larze portion of the goar train loss. 

The dotailed mothod of computing each of the | losses will now be 
considered. Fach is figured as a horsepower loss. Necessary assumptions 
mde ere discussed as presented. The disc will be assumed to have tho 


following share for computational purposes. 


= 


‚ 22777] 


A. Internal Faco rriction Drag 
In the design it was proposed tw evacuate the clearance spaces 


in order to reduce the skin friction drag. This can be done since in 
theory drag is directly proportional to the pressure. This desire 


would necessitate incorporation of seals. According to the calculations, 





31. 

the sun of the seal losses and reduced pressure drag losses is considez- 
ably less than thoat whieh would be experiencod by allowing free air 
pressure and no soals. Using a reduction ratio of 1/20, the seal and 
face losses amount to approximately 2-1/2% for a 2,000 T.H.?. engine. 
If no seals wore used this loss would increase to a prohibitive valu. 
The face and seal loss is a function of the engine size; it decreases 
in percentage for the larger engines. As an example, 1t drops to tho 
order of 1% for a 10,000 T.H.P. unit. 

The incorporation of seals would also tend to reduce the mmping 


action in the clearance void by isolating it from the free air. 


2 
pdr o L and uso i3 


If the equilibrium condition is considered: ар 
V YR? 3 then it is 


made of the gas law ^ = £ and speed of sound a 
found 
e 
Cu? (x 
25 US - 2) 
LOT C 
Р= Ре 
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This indicates the existence of a pressure gradient decreasing expcnen- 
tislly toward the center of the diac. The effect of the decrease in 
pressure is somewhat offset by the fact that the ma jor portion of the 
disc area is cperating at pressures approaching Po: The pressure 
gradient effect will not be considered in the computations because of Ë 


its complications and the arbitrary choice of pressure reduction ratio. 


Using the formula 


D = Cp 5 whero M = سکس‎ 


tho moment due to the skin friction may be conputeds 


ds. 2 Ta «de 


M /side 2nrdr er 





e 


Comparison of results found by methods contained in Ref. 36 with those 


obtainod by this approach, indicate that more conservative values are 
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reaiized from the latter. Thus, this formule will be used because of 
its simplicity. If "o" is the pressure reduction ratio and P is for 
free air then the pressure acting on the face is eP. Then tho H.P. for 


two sides 181 


E 0 2 Zar 
H.P. = & 9502 
2 sidos 5 550 


Ba Internal End Friction Drag 

If "x" is ths radial width of the jet exit, then it will be said 
trat the dise width is 10x. This can be justified since in current 
practice the combustion chamber length is of the order of 7 to 8 times 
its width and the nozzle length 2 to 3 times its width. Im like manner 
the H.P. is computed: 





5-2 TIR 910% 
پس سے‎ 
^ 
~ Yom, v 
B.P. = (Cs 5 21R,10x) = 


C pe Bi Rp alOx " 
s 550 f 





In ihe smaller enzinos it will often be the case that only a pore 
tion cf the annular jet exit ring will be occupied by exit area. This 
is due to the geometry and the requirement that the jet exit width 
must be of sufficient magnitude so that the channel has practical ratios 
of area to perimeter. It ws arbitrarily decided to charpo off tho 
entire oxvosed ring area as a loss in every case to somewhat compensate 
for other non-included Losses at this point. It is assumed that x is 


small in convarison to Ry: 


E 


E x 


Ym: 2 
. . 4 V 
qa E. 





c YPM nR ad 
7 550 


The three losses just computed can be combined as follows assuming 
==; 
20 


ап ө = 


7 px 2} 


Е 3 ےت‎ 
Н.Р. ків friction = تح( 0) له‎ + Z5 |: 
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The value of C, in the above equation may be takon from the curve 


f 
of Fig. 30 which was pieced together from Ref. 10. An average valw 
of .0032 vas assumed; this will be conservative since the major rert 
of the disc aroas operate at the higher Mach numbers. 
р. Dise Seals 

To find a mlu for the coefficient of kinetic friction at high 
sliding velocities, Fig. 31 taken from Ref. 34, was used. Because the 
relative motion between the stationary casing and the rotating dise 
would be in the neighborhood of M. = 2 or 2,230 ft./soc., valuss of 
the coefficient were required at considorably higher velocities than 
those shown in Ref. 34. Consequently, tho curve of Fig. 31 ws arbi= 
trerily extended in what was considered to be e conserve tive manner. 
This save a coefficiont of .08 at 20,000 £t./min. Fron Ref. 17, 
pages 4e44, is found the statomont "——--above 100 ft./min. the ecoffi- 
cient of friction varies apvroximately as the sauare root of the spoode= 
e= n. Using this approximation the curve could be extrapolated on out 
to the speeds in question; this method gave comparatively low losses. 

In order to use a more conservativo approach, the seal was cone 
sidered to bo mdo up of a series of rings fitted one inside the other, 
each with a velocity in respect to adjacent rings of 20,000 ft. min. 


or 33 ft./sea. The seal will then be comprised of Үр separate rings. 
: | 23229 " 
The coefficient of .08 will be assumed to be acting between each ring. 


The contact width of each ring will be assumed to be 1/10"; the rubbing 


surface area will then be S = Tho normal 


аба 
233 * 12 x 10” 2 Ар eq. ft. 
pressure that each ring exorto will bo assumed to bo one pound гог squaro 





r Ре e 
inch. The total normal force on the sliding surfaces is Pa = 1445. 
The drag force then is Fp = .O8(1445) per seal. The complete closure 
for the disc will be assumed to be four seals, twe for each side at 


ine jet exit. The resuiting loss in horsepower is: 


КО Ww EL A 
i Ping de Ша ‚1326 . 15 اسظ‎ r 


The effoct of lowor relativo velocity than Vo between the disc and 
spinner is noglected. 
E. Boonrinz Losses 

f Bearing losses wers ecaputed accordinz to the motbods outlined in 
Ref. 16 for assumed dimensions. Those dimensions were governed by 
current practice acccrding to the ongino horsopouor. If the engine 
size was oxrressod in terms of the jet gross horsepower, it was 


concluded that a conservative estimate of the bearing less was 3% of the 


jet horsepowr. 


vov € (F/As) Ar : Yo ) c 
550 ° ‘eos 8% ° 
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V. SPSOIFIO ENGINES 

In this section the performance of several complete engines will 
be covered. In order to solve for 221 losses, specific dimensions 
| must be assumed; this is cone in such a manner as to be the most 
efficient within the limits of practicality. Since the installation 
is to produce thrust as economically ag possible, this problenm wlll 
поч be investigated. The first phase is to calculate the thrust 
prodursd; or for our computational procedure, the T.H.P. for a parti- 
cular set of conditions. ET 

For the determination of T.H.P. an T, is assumed; this efficiency 
factor relates the conversion of the dise B.H.P. to the Т.Н.Р. furnishe 
ed by the propeller. It is expressed by T.H.P. = B.H.P. The 
reduction in conversion from B.H.P. to T.H.P. therefore includes gear 
train, propeller, and spinner losses. 1 is considered that gear train 
and spinner losses will be fairly small. Propeller efficiencies have 
been well established over the subsonic aircraft speed range; Np in 
the neighborhood of .93 up to a Mach number of 0.6 are referred to in 
Ref. 39. Thus, it would seem that a value of 0.9 for y, was perha ps 
about the uppor limit. Computetions have been included with مآ‎ Ө. 7, 
0.8, and 0.9. 


By reference to tho below sketch a formula for the T.H.P, may now 


be dorived. 
— — — 
سے‎ 
حے‎ 
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The quantities (Q-Losses) and 7 jot are the components of the jet gross 
thrust in the circunferoatial and axial directions, respectively. The 
forces (Q-Losaes) must mroduce the horsepower to drive ths propeller 
and account for the dise losses, pumping power, and intake ram loss. 
"QO" represents that portion driving tho propeller and "Losses" tho 
eombinod losses. Q.H.P. and L.H.P. are the propeller and dise loss 


horsepowsrs, rospoctively. 


T V 

TEP. SR QHP. + LÍA Intake Ran H.P. 
but 

F cos 6 Y 

Zeo z Q.H.P. 4 L.H.P. + Prraping Н.Р, 
or 
F cos @0 V 

q H. P. = E 5 - LoHoP. = Pwaping H. P. 

Then 


F cos 8 V F ein @ V 
Е 9 


550 Ф 550 - ¡A L.H.P. 


1 = Qo 
“Ro Pumping H.P. == Intake Ran В.Р. 
The above equation is now rewritten in tabular forms 


T.H.P. = Sumation of the quantities (A) tnrough (G). 


~ 


(F/2.-)A 

(А) (rpropeller-losse5) +h ° at : cos 0 . V5 
(F/An Aw 

(B) (jet thrust) + — sino .V 


550 ' a 





2 


(m/A Dar, 


(C) (pumping) E 550 : т, 
| (m/e )A 
(D) (inteke ram) к с لے‎ ‚а 
(E) (diso skin fric- GgroP Ry 
| tion) nF ۲ -7% ده‎ 
(P) (dise seals) - п. 13.28. 10$ Rp 1 ٣۳ 
| (F/A7)A 
(G) (dies bearing) - 0. • "18320 . 800 6 ¥ 


How, it is desired that the maximm retum of T.H.P. be gained; 
consequentiy, the T.H.P. equation will be maximized in regard to Ө. 


| RA ' V (F/An)A 
2 тар, „ШЫ ia و یں‎ 


550 


ор (2/4) 


18320 sec 8 tan 8 


9 ہم - ت‎ "TE ph — + Va соз Ө 


соз Ө 


sin Ө „il + سبش‎ = cos Ө 
e" 23.3 cos” e Ya 
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Hoxt, limit 6... to 20° which is reasonable if any jet ogress 


ml 
is to result without alternation of the design. It is of interest 

to note that the limiting @ to 20° where actually if 6 should be in 

the neighborhood of 10° for optimum conditions (low subsonic speeds 

and fairly high velocity), reeults in a T.H.P. lese of only about 1.3%. 
Choosing values of Yo and Vo conductive to large 6's, it is found that 
40° corresponds approximately to Va = 1200! /3e0. (M = 1.07 at sea level), 
У, = 1800'/sec. (M = 1.61) andQ_ = 0.8. -For @ betwen 20° and 40° 

the tera іп the parenthesis will vary between 0.966 and 0.9582. A value 
of 0.96 will bo assumed as en average. In this way a sinple formula 


is evolved for 6. 


By uso of the above formula, @ no longer appears as a variable in 
the T.H.P. equation. T.H.P. is then a function of the following vari- 
ables: Vo» Ry» x, end AQ. The dise velocity Ур will be limited by 
stress considerations. The jet exit area hey is & funotion of the power 
required of the engine since it determines F for any particular Vp* 

Ry and x in tien depend primarily on Ane By these considerations the 
nexium output my be realized. 

To computo T.H.P. the valms of (F/A,), (n/A.), Аһ» Vps Rgs Zs and 
R. are needed. (F/A) and (م /بنت)‎ are givon vs M, on Figs. 32 and 33, 
respectively. They were computed from the internal flow analysis. For 
ease of computation and obtaining optimum conditions in any actual 


design, the formula for these two curves was found. The method and 
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results are show оп Pig. 34. The formulas are valid for an MN 
greater than 1.5 and less than 2.1. 

Ar, 4з estimated according to the thrust that the engine must 
preduce at a particular M The values of x end Ry vore noxt osti- 
mated fron the value of An chosen; consideration of the inlct area 
and engine size governed practical values of Rj, while © and A, 
gave an explicit value of x. The jet exit width, x, was limited te 
a minimun value of 0.6 inches. The following table gives the valuse 
used. 

Ar eq. ft. R. ft. x ft. 





0.2 1.0 0.05 
0.6 1.125 0. 085 
1.0 1.25 0.1273 





The dise velocity and conversion efficiency were allowed to range 
over rorresentative values. To fain an idea into the relative meni- 
tude of the components of T.H.P., the values computed for the "basic" 
condition (defined in the Internal Flow Section) for an engine produo- 
ing 4,100 pounds of thrust at an aircreft specd of 300 fps. are 
listed below: 


Ya 


Altitudo = sea level 


M, = 2.0 


Ar, = 2 


300 fps. 


n, = 0.9 


° 


8 x g,29 


(А)  (propoller-lossos) H.P. + 7,330 


(B) direct jet H.P. + 157 
(C) pumping H.P, = 4,860 
(D) intake ram H.P. - De 


E) dise skin friction H.P. = 41 


(F) disc seal H.P. = 59 
(G) dise bearing Н.Р, - 225 
Final T.H.P. + 2,240 


This corresponds to an ooonomy S.F.C. of 0.628 lbo./T.H.P. Hr. or 0.343 
lbo./1b9. Hr.; eoonony 5.Р.0. із dofinod es 2 BRL to diffor- 
entiato it fron the jot S.F.C. The former figure may be compared with 
0.612 for a good reciprocating engine at sea level (0.55 тү) 
and the latter to 9.99 for the turbojet engine. The turbojet S.F.C. 
was tsken from Fig. 35 which is a gray of Ref. 2. 

Turning now to Figs. 36 and 37, the results of the computations 
are seen. 5.7.0۰. ssems to vary almost linearly with Mp perticulerly 
av the higher conversion efficiencies. The change in S.F.S. with 
aireraft ۵ه مره‎ reaches a minimum at about 700 fps. or 477 mph. The 
variaticn with UA with en assumed 7 "w 0.9 is such as to give very 
satisfactory values over the rango of speeds up to 900 frs. Attainment 
of an ты approaching 0.9 above 900 fps. is very doubtful. 

Figures 38 and 39 givə the T.H.P. charectoristics. 





A3 
For the sake of comparison and evaluation of the results, tho 
followins table is included using Fig. 37 for sea level conditions 
and an aireraft snoed of 300 mph. The engine size corresponds to 


An = 0.6 for the below comparison. 














Engine Size Centrifugal Jet Economy Turbojet Econony 
وس هش‎ 
9,000 lbs. thrust 0.476 lbs. Hr. 1.% lbs. Hr. 
Engine Size Centrifugal Jet Economy Rociprocating Eng. 
27۳ 
Los e ibs ° 
AE 9.295 T.H+.P. Hr. 0.612 T.H.P. Hr. 








Thus, for the “basic condition", the superiority in economy fer the 
prorosed centrifugal jet engine desim over both the reciprocating 


and turbojet engines is shown. 
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PROPELLER BLADE ChARAOT RIST ICS 


VI. 





The next phase of study will involve tho design approach for a 
supersonic propeller. this approach wiil boe based on the standard 
strip theory analysis. Experience has show that the theory is reliable, 
within satisfactory limits, for relatively conventional propellers. 
It will account for most of the variables in desig and operation, 
but typical theory application neglects some factors, such as inter- | 
acticn between sections and bowndery layer action in centrifugal fields. 
First, in order to use the theory, it is necessary to have the 
propeller blade section characteristics. For the analysis contained 
herein, all airfoil characteristics will be presented in the form of 
(L/D) ratios. Figs. 49, showing (L/D) ratios vs Mech number for various 
thickness ratios, has been computed from the data presented in Ref. 39. 
The data for Mach nuabers less than one were taken from test measuree 
ments while that for Mach numbers above М = 1 is attributed to calcula- 
tions according to Busemann. The resulta are for infinite aspoct ratio 
wings; thus, they are two dimensional curves. Using Ref. 29, the curve 
giving (L/D) ratios of 50 below M = 0.6 ean be conservatively maintained 
up to thickness ratios cf 21% where tio Reynolds nusbor is 3 x 1 6 
The poor (L/D) ratios for Mach numbers approaching M = 1l and above, 
is clearly evident. Since a high level of propeller performance demands 
good (L/D) ratios, it would naturally be expocted that low strip effi- 
cionoios would bs experienced for sections operating above M = 0.6. 
It now bocomes clear that if a satisfactory supersonic propeller is to 


ba developed, it is not going to be done with the supersonic curves of 
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Fir. 49. 

The author proposes as an enswer to the problem, to uso an 
appropriate delta wing plan form which vill produce hisher (L/D) 
ratios. it the samo tine this metrod involves a finite aspect ratio 
end thus accounts for three dimensional effects along the supersonic 
span. Curves 4] through 47 show what can be theoretically accomplish- 
ed in tnis Girection. Ref. 30 was used to celeculate the lift coeffi- 
cient, the supersonic wave drag coefficient, and the correction for 
dreg due to lift. All date presented is for double wedge profiles. 
Ref. 26 may bo used to calculate equivalent information for biconvex 
or multislope sirfoil sections. A general treatment of the subject 
matter is found in Ref. 28. 


The (L/D) ratios were computed by the following method. 


EL 


о. =) е 
mS که د«‎ + A 
(wave drag) (skin friction) (drag duo to lift) 
dC, سه د‎ 
= сро By = 49) а ۰ 


where e is a correction term to the coefficient of drag due to 
L 
lift. Using Fig. 30, Co = e003 is assumed es a practical value; thon 


C, = .006 for both sides of the airfoil surfeco. Finally 
£ 


ے ہے کے 


C C) o 
e. 
ےا‎ Pe edu 


Since tho maximus (L/D) ratio is desired, tho last formula will be 
maximised with rospect to c. 
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optimum 


To use the above formalas the values of Cp, (a0,/da), and (C/C, ) 
are required. Their evaluation may os ہہت‎ fron graphs involving 
certain parameters which are now discussed. 

The delta wing is assumed to bo of a symmetrical double vedge 
profile and it takes the following plan forn. 


| ۱ EDC EDC 


| MAXIMUM CAMBER LINE 


— ġ TRAILING EDGE 
FLOW | 
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| | 
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A study of the sketch will show that for any root chord "8", the 
pian form is convietely determined by the leading edge sweepback anzglo 
"Фф" » the constant "b" which determined the position of the maxima 
camber line, and the constant "a" which sweeps the trailing edge back 
if positive and forward if negative. The variables @ and stream 


Mach number M are combined in the peramoter k where К із defined: 


k = ren ° 

By entry into the Figs. of Ref. 30, C, , (dC,/da), and (0/50, ) aro 
given vs k with parameters a aná b. For further detailed diseussien 
of the computations, the reader is roferred to the references given. 

The results of the calculations are now considered. Unless 
otherwise stated a = 0 (no trailing edge sweep), b = 0.2 except for 
k greater or equal to 0.8 when b = 0.5, and corroction for с/с 
is included. Fig. 41 gives (L/D) az. v3 k for a 1% section at Mach 
numbers fron 1.1 to 2.5. The characteristic drop in the (L/D) ratio 
as Mach number increases is clearly show. It should bo noticed that 
tho maximus values occur at the sem k for any Mach number and any 
particular Tt. These two tronds have been substantiated by the author, 
for t'iokness ratios up throuzh 6$. Fig 42 shows the change in the 
character of the curves as thickness ratio is increased for M = 1.1. 
The shift towards lower "k's" as the + is increased із солоп to otner 
Mach numbers since all curves of any one thickness ratio have the sams 


general shape. For the lower t's considerable choice of k is possible 





AC 

for high (L/D) values but lesa latitude of choice and creator swep- 
back (lower "k's" ) із required at larger t's. This trend ia attributed 
‚to tho much greater ratio of رہ‎ bp at the larger thickness ratios. 

if the (c,/a6, ) correction is neglected, the curves of Fig. 43 
result. It is seen that these curves allow, in general, higher "k's" 
while the marimua values of (L/D اج‎ аго considerably reduced. Also, 
k for the mascinum valws for any particular thickness ratio is no 
longer constant. Comrarison of corrected and uncorrected cwrves for 
several T's is made in Fir. 44. The spread between each pair of 
curves becomes least at the higher k values. 

Noxt the problem of trailing edse sweopbeck is considered in 
Figs. 45, 46, end 47. The first two are results at Mach mmbers of 
1.6 and 2.0, respectively. Both Figures evidence the marked improvo- 
ment in (L/D) ratios with trailing edge swoepback; this inprovenent 
is accompanied by a shift to larger loading edge sweep (smaller "k's" ) 
for attaimsent of naximum ratios. Ths decrease in values with Mach 
number increase is not changed by incorporation of trailing edge swepe 
back. , The final figure of this section shows this cocmetrical decrease. 

Sufficient airfoil (L/D) data end trends have been presented in 
iuis section to allow design of a supersonic propeller., The author's 


design epproach will next bo demonstrated in the following secticn. 














The configuration of a supersonic propeller based on the data 
of the preceding section will depend nrimarily on "k" beeause it | 
governs the maximm (L/D) ratio. If a propeller is operating at a 
particular rm., thon its sections will be operating at Mach numbers 
depending on the section radius. With the Mach nwber determined and 
a specific thickness ratio indieated, the most advantageous "К" can 
be decided upon by consulting curves of the type shown on Fig. 41. 

If the trailing odzo oweopback is involved, thon curves of the same 
naturo shown in Fig. 47 should be used. With the choice of "k" made, 
the leading edge swoepback for the section is then computed from the 


tan Q ° 
may be coaputed by ordinary zeam try. 
If section Mach nuabors aro laid out on a radial line fron the 


formula k = The trailing edgo sweep angie, if involved, 


center of a propelier as in Fig. 48, and ak = 0.5 is assumed throughe 
out, taon the curve AG is found to be the leading edge. The dotted 
section AO is arbitrary but siows about the steepest practical curvee . 
turo. The hatched cirele in tho center comprises tbe tropsller spinner. 
The radial limes drawn intersecting the loading edgo line AC at various 
points indieate the position of bledo "cutoff" for a particular pro- 
pollor tip Mech number. The dotted linas to some of the leading edge 
"eutoff" points indicato arbitrary trailing edges and thereby serve te 
show the relativo seore of such a prormeller. The tremendous increase 
in vlan form area by a small increase in tip speed at the larger "cute 
off" points should bo noted. The area is ossontislly doubled by going 
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fron a Mach number of 1.6 to 1.8. 

With the general outline in mind for drawing a plan fora, attention 
will now be turned toward creating a specific propeller. In order to 
do this a few of the more important problems will be mentioned which 
affect the design. It should be recognized that the optimm propeller, 
for any given aircraft speed and propeller tip Mach number, could 
easily be designed; but for practical cases this is not satisfactory. 
A propeller must be able to produce good performance over a range of 
speeds. This roquirement has a large effect on the choice of "k" which 
will be evident if the situation is oxamined. 

Once the leading edge is laid dom, ф is a fixed value; then "k" 
із a function of ihe blade element Mach numbers. Tho latter is the 
vector sum of both the aircraft spesd and the propeller velocity for 
the section. Thus, "k" wlll vary with a change in oither ons, which 
indicates that a range of "kx" values will have to bo considered if 
best results aro to be obtained. 

The leading odge is designed for the با"‎ corresponding to the 
highest relative Mach number at which good performance is required. 
This means choosing aa high 2a "k" as possible whieh will produse 
high (L/D) ratios for the thickness ratio and Mach nusber in question. 
Then as the relative Mach numbor is reduced by a reduction in either 
aircraft speed or 0+0 iets rū., the various sections will operate 
at lower Tk" values. In this connection, the airfoil characteristics 
seem to indicate a spread of 0.4 to 0.5 for "k" where the eurves are 
fairly flat; t:is should be the range used for design. 
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If trailing edge sueepback can be tolerated by the stress situa- 


tion, it should bo incorporated since it producea higher (L/D) ratios 
and has its "flat" range at lower "k's" as seen on Figs. 45 and 46. 
This has an advantage aside from tho better performance in the fact 
that wita lover "k's", larger sweep angles are dictated which allow 
considerable plan form کس‎ enlargement with no increase in rropeller 
diame tor « 

In regard to thickness ratios, it should be clear by now that the 
thinner sections are far superior both in (L/D) ratios and in their 
"Plat" range of "k's". It is proposed by the author to make tho pro- 
peller blade very thin and flexible as compared to the prosent practice 
of making propollers as stiff as possible to reduce vibrational com- 
plications. With a very flexible blade, bending stresses would be 
reduced since tho blade would assume e very small dihedral angle (on 
the order of a" dependent on the relation of the magnitude of the 
thrust anû centrifugal force loads. Operation could be likened to 
fans currently produced that have cloth tane for blades. 

Next, the calculation for performance will be considered. The 
measurement of propeller efficiency for a blade element is developed 


as follows; 








but 


then 
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This function is plotted in Fig. 48 which was tekon from Ref. 11. 
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Tkis function is plotted in Fig. 49 anà will be tho graph used to 
determine section efficiencies. Maxinizing the propeller efficiency 
equation with resrect to shows that best theoretical efficiency is 
obtained wbon f = (Z - L). 

To calculate the blade performanco, individual redial incremonts 
ere considered. Call AR the element width and bAR the element length; 


then DER ^ will be the section area. 


RÊ 1 
L يئ‎ — (bAR”) Cr, 


YP ۲ 
D = (bÄR“) e D 


YP 
š = سم‎ (bAR) C, tan Y 


T = L coa f -D sin 
Q =L sinf +D сов? 


M M ea 
= ° = с e 0 7 
Me sm a Vp * Tn ° 


Thon, combining the above properly, the following formulas are obtained: 
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tne performance for the prepeller shown on Fig. 51 1s now given. 


In comnsetion with the design and computations of this prapeller, the 


following assumpticns were made; 


(1) 
(2) 


(3) 
(4) 
(5) 


(6) 


(7) 
(8) 


(9) 


(10) 


A high speed condition of M, = 1.0 and Ир = 2.0 was selected. 
For ease of computation, T was assumed as 1% for all sections. 
Actually the thickness ratios would probably be increased 
slightly toward the root. 

A straight trailing edge was drawn for ease of computation. 
The spinner had a radius equal to 0.2 R. 

The section width increment, OR, was chosen as 0.1 R and all 
section characteristics were taken for the element median. 
The leading edge was designed with a k = 0.9 for all sections 
at a relative Mach corresponding to M, = 1.0 and Mp = 2.0. | 
The plan form was laid out in the wntwisted condition. 

The (L/D) ratio for sections operating between M = 0.9 and 
M= 1.0 was assumed to be the same as the section operating 
just above M= 1.0. This seems to be conservative if Fig. 40 
is consulted. 

The (L/D) ratio for sections operating below M = 0.9 was 
assumed to bo 33. 

The (L/D) ratios for all surersonic sections were decreased 


by 105 to allow for rounding the edges. This change ws 
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attributed entirely to a drag increase leaving the C 
unaiterod. 

In connection with the last assunption it is feit that by rounding 
the leading edge and keeping the angle of attack gmall, the correction 
e could be attained. This correction amounts to a decrease of the 
draz due to lift. In practice, with a sharp leading edge the decrease 
doos not occur due to separation at the leading edge. Angles of 
attack on the order of 2 to 3 degrees occur for the (L/D) ratios cane 
puted. In astual practice biccnvex sections should probably be used 
because the leading edge angles would be twice ad great. Also, they 
would perform better as subsonic sections since their profile have no 
sharr breaks ag the double wedge does. The (L/D) ratios vould not be 
affected appreciably by use of biconvex sections although the wave 
drag coefficient is increased 33% over that of the double wedge. This 
is due to the fact that the ratio of C, [Sy is szall for low t's and 
a's occurring in this design. Ratios of wave drag to total drag are 
on the order of 0.05 or less. 

Section efficiensies for a range of propeller speeds at M, = 1 
is given in Fig. 52, while Fig. 53 is for a range of aircraft speeds 
with M, = 1.1. The higher values of rj, approaching 95% in the latter 
figure occur wien that portion of tbe biado operates subsonically 
below M= 0.9. The T.H.P. and Q.H.P. loading curves along the propeller 
radius are given on Fig. 54 for the high speed condition. The overall 
efficiency for this condition was 83.5%. Overall nropeller efficiencies 


at M, = 1l for lovor propeller speeds reached 26%. The total T.H.P. por 
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2 


blade ws 394.6 R? for a Q.H. P. = 365.3 R^. It should bo roalized 
that tho mower absorbing qualities could easily be doubled since the 
operating G'S are very low, ranging approximately between 0.1 and 
0.2. Further investication would have to determine first how much 
the (L/D) ratios would be damaged by increasing the C's; it is felt 
by the author that the drop would be small for reasonable increases 
of Cp: | 

Those compuiations indicate the probable maximm efficioncies 
that could be attained by such a plan form. This is because the 
upper limit of the (L/D) ratios was used for the supersonic sections 
with T = 1£. The thicknoss ratio of 1% might provo to be impractical 
particularly in smaller chord propeller where a С of 1% would dictate 
almost impossible physical thicknesses. The use of larger thickness 
ratios would lower officiencies somewhat, but as long as the (L/D) 
ratio was maintained at or above 10, efficiencies on the order of 
30% could bs realised. The lower curve of Fig. 49 clearly illustrates 
this. The propeller section characteristics showed that (L/D) ratios 
exceeding 10 were easily attainable at moderate Mach numbers for 
larger thickness ratios. According to common practice, the T would 
normally decrease toward the propeller tip while the Mach mmber 
increases according to a linear law. These two changes over the blade 
span are compatible in their effects, tending to give a more or less 
constant (L/D) ratio. Consequently, it is felt that thickness ratios 
aprroaching those usod in prosent day practicos could be used snd still 


give a supersonic propoller with an officioncy around 804. 
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VIIL. EVALUATION 

For evaluation of the proposed power plant, ivo graphs aro 
presented which comparo the engine and propeller cheracteristics 
with the best of other current designs. The favorable position of 
the contrifugal jet engine in relation to the reciprocating and jet 
engines is shown in Fir. 55. Tre simplicity of tho centrifugal jet 
in comparison to the three complex designs with whieh it scons to 
be compsting in Fig. 55 should be taken into consideration. The data 
for the other engine typos was taken from Ref. 3. In addition to 
performance, other considerations involved in evaluation of a power — 
systen includes cost and safety. Since neither experíenca nor 
analysis provides accurate information, the discussion will be left 
to the reader. o 

For the propeller, Fig. 56 indicates tho efficiency which thooro- 
tically could be approached by the proposed dosign. It is seen that 
it is considerably superior to the best of todays laboratory designs. 
The current propeller performance was drawn from Ref. 39. If the 
radius of the propeller of Section VIT is chosen equal to 5 feet, 1% 
will absorb 16,250 H.P. and produce 7,500 pounds ef thrust at M =l 
with an efficiency of 83.5%. Compere this with the propeller for the 
DC-6 Airplane which hancles 2,400 H.P. on a 13 ft. diameter with twice 
as many blades. The hub radius of 1 foot in this ease is compatible 
with the proposed engine dise sizes. 

“hus, it vould seem that tlooretically an efficient, simple, "smell 
package" aircraft promulsion system has been evolved by the author's 
enclosed design. 


6. 


8. 
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drag cosfficiont. 


k skin friction drag coefficient 
drag coef 2 

k g ficient dug to 

Cy Supersonic не | 
1 wave drag Coefficient. 
% Lift coefficient, 
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002 | 
Је velocity coefficient. 


d < 
amber, 1b., dee, 1b. 


friction factor. 
Jet thrust, lb. 


F 
P thrust for full SXpendin: no: | 
А xt | 02219, lb, 
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64 
parameter relating Mach number and leading edge swecpback 
ancle. 
airfoil root chord. 
lift, 15.; also disc lesses. 
lift to drag ratio, also written (01/6). 
dise loss horsepower. 
mass flow ver second lb./eac. 
Mach numbor. 
disc periphery Mach number; M, = Vy? sea 1 
static pressure, lb./sq. ft. 
friction prossure drop, lb./sq. ft. 
pressure riso due to centrifugal force, 1b./sq. ft. 
dynamic pressure, 1b./sq. ft. (ёру). 
inpact pressure, lb./sq. ft. (H - P). 
component of propeller resultant force in plane of rotation. 


Q-H.P. propeller brake horsepower. 


r 


R 
a 

Re 

Fo 
2 
5 


SO o. 


constant tera used in computations; also radius. 

gas constent for air (53.3 ft. 1b./(F9)(1b.)). 

ges constant for products of combustion, ft. lb./(F°)(1b.)). 
disc radius. 

constant tera used in computations. 

area, Sq. ft. 


specific fuel consumption, lb. fuel/lb. thrust-Hr., or lb. 
fuel/ü.P.-dHr. 


constant term used in comauteations, 


temperature, °p abs.3 also aircraft ۰. 
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LIST CF SEBULD (Cont 


direcí jet thrust; lb. 

torust horsopowor. 

spocific voluns cu. ft./lb. 

air or gas speed, fps. 

speed of airplene, fps. 

peripheral speed of rotating dise, fps. 
weight rate of air flow, 1b./sec. 
wight rato of fuel flow, lb./sec. 
jet exit width, it. 

fueleair ratio. 

airfoil section angle of attack. 
propeller anglo of advance. 

angle of leading edge sweepback. 
propoller blade angle 

angle whose tangent is (L/D) ratio 


jet exit offset angio measured from dise circumferential 
direction. 


ratio of specific heat at constant pressure to specific 
heat at constant volume. 


average valus of V between 0? Р abs. and temperature T. 
eirfoil section thickness ratio 

combustion efficiency. 

centrifugal compression efficiency. 

subsonic diffusor efficiency. 

efficiency of ана 


conversion efficiency, B.H.P. to T.H.P. 


: 
Subscripts 
1 


гә 


м د‎ Ww 


З C 





mass density, siugs/cu. ft. 

denoting station along powereplant duct: 

free stream 

pipe entrance 

end of cylindrical entrance pine; entrence to diffuser 
end of diffuser; entrance to combustion chamber. 

end of combustion chamber; ontranse to nozzle. 

nozzle throat 


end of rozzle. 
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APPENDIA B 
STANDARD ALTITUDE TABLE 


(Renroduced in Part) 





Alt. P “PA, On ту b “e p P/P 

O 2116.2 21 58.4 1 56 .00237% 1 
5,000 1760.4 .8320 500.57 .9656 1096.3  .002049 .8616 
10,000 1455.6 .6876 482.74 .9312 1076.2  .001756 .7384 
20,000 972.5 .4594 447.08 .8624 1036.1 .001267 .5327 
30,000 628.1 .2968 411.42 .'7936 993.9 .000689 .3740 
35,332 489.8 .2324 392.40 .7569 970.7  .000727 .3058 
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APPENDIX A 


LIST ОГ 57015 


a speed of sound, fps; also ccnstant for defining trailing 
edze sweopback. 


À area in square feet. 


b coefficient of x in quadratic equation; also constant for 
defining maximum camber position. 


B.H.P. brake horsepower. 


е coefficient of x? in guadratic equation. 


G ratio of friction messufe loss in combustion chamber to 
average dynamic pressure. 


drag coefficiont. 


skin friction drac coofficiont. 


B p 


а” 


агас сос? Ғісіопі due to lift. 


SP 
а 


C2 


D supersonic wave drag coefficient. 
a lift coefficient. , 

G, nozzle velocity coefficient. 

D diameter, lb.; drag, lb. 


6 ratio of clearances pressure to free air pressure. 


f friction factor. 
jet thrust, lb. 1 
Fo thrust for full expanding nozzle, ib. | 
Р, thrust for underoxpending throat nozzle, lb. | 


acceleration of gravity (32.17 ft. /sec.^) at sea level. 
stagnation pressure, lb./sq. ft. 


g 
۸ 

H.V. lower heating value of fuel, Btu./lb. 
J mechanical equivalent of heat (778 ft. 1b. /Btu.) 
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AIRPLANE POWERED BY A JET-OPERATED PROPELLER 


FIG. 6 
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